Background Due to proliferation and increased metabolism, cancer cells have high glucose requirements. The glucose uptake of cells is influenced by a group of membrane proteins denoted the glucose transporter family (Glut-1 to -12). Whereas increased expression and a negative correlation with survival have been described for Glut-1 in several types of cancer, the impact of other glucose transporters on tumor biology is widely unknown. Methods In this retrospective study, gastric cancer specimens of 150 patients who underwent total gastrectomy between 2005 and 2010 were stained for Glut-1, -3, -6, and -10 by immunohistochemistry. Expression of Glut-1, -3, -6, and 10 was correlated to prognosis as well as clinical and pathological parameters. Results Glut-1, Glut-3, Glut-6, and Glut-10 were expressed in 22.0, 66.0, 38.0, and 43.3 % of the analyzed samples. Whereas Glut-1, -6, and -10 did not show a correlation with prognosis, positive staining for Glut-3 was associated with higher UICC stage and inferior prognosis. The mean overall survival was 38.6 months for Glut-3 positive patients, as compared to 51.2 months for Glut-3 negative patients (p \ 0.05). Coexpression of two or more of the analyzed glucose transporters was correlated to inferior prognosis. Glut-3 and UICC stage were significant prognostic factors in multivariate analysis. Conclusions All of the analyzed glucose transporters were expressed in a significant proportion of the gastric cancer samples. Glut-3 was associated with higher UICC stage and inferior prognosis. These findings are relevant to therapeutic approaches that target glucose metabolism as well as to imaging using radioactively labeled glucose.
Introduction
As long ago as 1958, Warburg reported increased glucose metabolism in cancer cells. Due to high proliferation and increased metabolism, cancer cells require large amounts of energy, which is mainly obtained via aerobic and anaerobic glycolysis [1] . Positron emission tomography (PET) uses this enhanced glucose uptake of cancerous cells to image various malignancies [2] . The glucose uptake of cells largely depends on the concentration of membrane transport proteins collectively known as as the glucose transporter (Glut) family. These members of the major facilitator superfamily are encoded by SLC2 genes and have been classified into three subsets according to sequence similarity: (I) Glut-1, -2, -3, -4, -5, -14; (II) Glut-5, -7, -9, -11; (III) Glut-6, -8, -10, -12, -13. Glucose transporter proteins have different affinities for glucose and remarkably different transport capacities (defined by the half-saturation concentration, K m ) [3] . Almost every eukaryotic cell expresses at least one glucose transporter, but the subtypes differ largely between tissues and species. As the brain, for example, needs large amounts of glucose, neurons express glucose transporter 3 (Glut-3), which has the lowest K m [2] . Glut-1 is the most studied member of the SLC2 family and has been described in several types of cancer. We previously reported that the expression of Glut-1 correlates with 18F-fluorodeoxyglucose uptake and hence the PET image intensity of gastric cancer [4] . Furthermore Glut-1, is a negative prognostic factor for several types of cancer, such as lung cancer, rectal cancer, breast cancer, and esophageal cancer [5] [6] [7] [8] . Glut-1 is also associated with an inferior prognosis in gastric cancer [9] . Whereas the impact of Glut-1 in cancer has been studied extensively, the roles of other members of SLC2 in cancer are unknown. Glut-3 is expressed in different kinds of cancer and has been identified as a negative prognostic factor for lung cancer, endometrial cancer, and laryngeal cancer [10] [11] [12] . Younes et al. [13] described the expression of Glut-3 in 2/8 gastric cancer samples, and it was not detected in normal gastric mucosa. Glut-6 to -14 were first described during the Human Genome Project. Thus, data on their physiological function or expression in human tissues are scarce [3] , and there are no published data on the expression of Glut-6 or Glut-10 in cancer. In this study, we analyzed the expression of Glut-3, which has a low K m for glucose and hence potentially favors glucose uptake in malignant cells, as well as two other transporters with high glucose affinities (Glut-6 and Glut-10) and their potential association with survival, pathological parameters, and expression of Glut-1 in primary gastric cancer.
Materials and methods

Patient characteristics
In this retrospective study, specimens from 150 patients with a diagnosis of primary gastric cancer or adenocarcinoma of the gastroesophageal junction (Siewert type II or III) were analyzed. 114 males and 36 females with a mean age of 64.0 years (±12.5) were included. All patients underwent total gastrectomy at the Department of General, Visceral and Cancer Surgery, University of Cologne, Germany between 2006 and 2011. Clinical staging (endoscopy, endoscopic ultrasonography, and CT chest/abdomen) was performed prior to surgery. 69 (46 %) of the included patients received perioperative chemotherapy with etoposide, cyclophosphamide, and fluorouracil according to the MAGIC protocol [14] . The results of histopathological staging according to the UICC 2009 classification and the clinical parameters of the patients are summarized in Table 1 . Nine patients were lost to followup. Of the remaining 141 patients, 78 (55.3 %) had died by the time that the analyses were performed. Mean follow-up was 33.2 months (±24.2). The present study was conducted according to the guidelines of our local research ethics commission.
Immunohistochemistry
Paraffin-embedded tumor samples were retrieved from our Institute of Pathology. Gastrectomy specimens were originally processed for pathological diagnosis using standard pathological procedures. The retrieved samples were processed and stained using a Dako EnVision kit (Dako, Hamburg, Germany) according to the manufacturers instructions. Briefly, the slides were first deparaffinized and rehydrated. Antigen retrieval was performed with microwave incubation (3 9 5 min, 600 W) in citrate buffer (pH 6.0). After treatment with peroxidase blocking solution and Tris buffer, the slides were incubated with primary antibodies (1:100) at 4°C overnight. Appropriate positive (breast cancer and erythrocytes for Glut-1, human testicle for Glut-3 and Glut-10, small intestine for Glut-6) and negative controls for Glut-3, Glut-6, and Glut-10 were included in every staining procedure. After 30 min of incubation with the horseradish peroxidase conjugated secondary antibody (EnVision kit), AEC was added for 15, 30, and 15 min for Glut-3, -6, and -10, respectively. Finally, the slides were stained with hemalum and covered. Expression of glucose transporters 1, 3, 6, and 10 was semiquantitatively assessed by an experienced pathologist (U.D.) who was blinded to clinical parameters. To make sure that the analyzed blocks contained sufficient amounts of tumor tissue, the hematoxylin and eosin staining of each block was examined. Analyses of glucose transporter expression were performed on whole tissue sections with representative amounts of gastric adenocarcinoma tissue. The tumor areas were examined, and the expression of Glut-1, -3, -6, or -10 was scored according to the percentage of positive tumor cells (0 = absent or very weak staining, 1 = clear positive staining of at least 10 % of tumor cells).
Data analyses
The expression of each glucose transporter was correlated to clinical and pathological parameters. SPSS version 20 (IBM Corp.) was used for statistical analysis. The chisquare test, Kaplan-Meier survival analysis, and Cox regression analysis were used as appropriate. p values \0.05 were considered significant.
Results
Expression of glucose transporter 1 in gastric cancer is associated with an inferior prognosis Glut-1 was expressed on tumor cells in 22.0 % of the analyzed samples (33/150, Table 2 ). The staining pattern was mainly membranous (Fig. 1a) . Expression of Glut-1 was correlated to intestinal type according to Lauren. The frequency was 41.7 % (25/60) in intestinal type cancer compared to 8.9 % (8/90) in diffuse-type cancer (p B 0.001). Glut-1 was not correlated to UICC stage (10.9 % (6/55), 31.1 % (14/45), 20.0 % (5/25), and 32.0 % (8/25) in stage I, II, III, and IV, respectively, p = 0.054). Glut-1 was correlated to lower T stage and was independent of N stage (Table 2 ) and M stage (data not shown). Kaplan-Meier survival analysis revealed an inferior prognosis for patients expressing Glut-1 on primary cancer cells [mean overall survival was 45.6 months (±3.2) for Glut-1 negative patients (n = 110) and 34.2 (±5.8) months for Glut-1 positive patients (n = 31)], but this difference was not significant (p = 0.078, Fig. 2a ).
Glucose transporter 3 is associated with UICC stage and prognosis of gastric cancer
Immunohistochemical analyses of full-section slides revealed that Glut-3 was expressed in 66.0 % (99/150) of the tumor samples analyzed. The staining pattern was membranous and cytoplasmic. Positive samples showed mainly homogeneous staining of the tumor areas, whereas adjacent normal tissue was negative in almost every sample analyzed (Fig. 1b) . The expression of Glut-3 in gastric cancer is associated with UICC stage: whereas only 52.7 % (29/55) of stage I gastric cancer samples showed expression of Glut-3, the percentage was 77.8 % (35/45), 60 % (15/25), and 80 % (20/25) in stage II, III, and IV, respectively (p = 0.021, Table 2 ). Glut-3 expression was correlated to intestinal type according to Lauren [78.3 % (47/60) of intestinal type samples were Glut-3 positive as compared to 57.8 % (52/90) of diffuse-type samples, p = 0.009] and was not correlated to T stage, N stage, or metastasis (p = 0.33, 0.054, and 0.164, respectively). Kaplan-Meier survival analysis revealed an inferior prognosis for gastric cancer patients who showed expression of Glut-3 in primary tumor samples. Mean overall survival was 51.2 months (±4.6) for Glut-3 negative patients (n = 48) as compared to 38.6 months (±3.4) for Glut-3 positive patients (n = 93, p = 0.028, Fig. 2b ).
Glucose transporter 6 is expressed in gastric cancer
Glucose transporter 6 was expressed in 38.0 % (57/150) of the analyzed samples. Similar to Glut-3, tumor areas of positive samples showed homogeneous cytoplasmic and membranous staining, whereas normal gastric mucosa usually did not express Glut-6 (Fig. 2c) . Associations of Glut-6 expression with clinical and pathological parameters were analyzed. Glut-6 expression was correlated to intestinal type according to Lauren [48.3 % (29/60) of intestinal type cancers and 31.1 % (28/90) of diffuse-type cancers expressed Glut-6, p = 0.033]. Whereas UICC stages I, II, and III revealed remarkable fractions of Glut-6 positive tumors, only 16 % (4/25) of the tumor areas in UICC stage IV patients were found to be positive for Glut-6 (p = 0.030, Table 2 ). Expression of Glut-6 was not correlated to T (p = 0.399) or N (p = 0.961) stage. Finally, expression of glucose transporter 6 was not correlated to prognosis of gastric cancer (mean overall survival of 42.6 (±4.4) months vs. 43.4 (±3.6) months in Glut-6 positive (n = 53) and negative (n = 88) patients, respectively, p = 0.898; Fig. 2c ).
Table 2
Correlations between the expression of Glut-1, -3, -6, or -10 and pathological parameters 
Expression of glucose transporter 10 in gastric cancer
Regarding the expression of Glut-10 in gastric cancer, our analysis revealed positivity in 43.3 % (65/150) of the analyzed samples with a cytoplasmic staining profile, whereas adjacent normal tissue was negative (Fig. 2d) . A chi-square test did not show a significant correlation between Glut-10 expression and UICC stage (p = 0.16). The exact expression of Glut-10 across the UICC stages was 34.5 % (19/55), 55.6 % (25/45), 36.0 % (9/25), and 48.0 % (12/25) in stages I, II, III, and IV, respectively. Furthermore, Glut-10 expression was not correlated to the Lauren classification (50.0 % (30/60) of intestinal type and 38.9 % (35/90) of diffuse-type cancers expressed Glut-10, p = 0.179), T stage (p = 0.058) or metastasis (p = 0.606) and correlated to N stage (p = 0.043). The mean overall survival was 45.4 (±3.7) months for Glut-10 negative patients (n = 81) compared to 40.3 (±4.2) months in Glut-10 positive patients (n = 60), and this difference was not statistically significant (p = 0.34, Fig. 2d ). (Fig. 3) . Analyses of correlations between the expression of the examined glucose transporter proteins using Pearson's chi-square test revealed correlations between Glut-1 and Glut-10 (p = 0.02), Glut-3 and Glut-6 (p = 0.023), Glut-3 and Glut-10 (p = 0.002), and between Glut-6 and Glut-10 (p = 0.005). The data relating to coexpression are shown in Fig. 3 . Expression of [1 glucose transporter was correlated to higher pT stage, pN stage, UICC stage, and intestinal type according to Lauren (p = 0.008, 0.034, 0.013, and 0.008, respectively). Kaplan-Meier analysis revealed inferior survival of patients expressing more than one glucose transporter [36.8 (±3.7) months vs. 49.7 (±4.1) months; p = 0.02; Fig. 3c ]. In multivariate analysis, UICC stage and expression of Glut-3 were the only significant parameters (Table 3) .
Discussion
Increased glucose uptake is a well-known feature of cancer cells, and is widely used to image tumors using radioactively labeled glucose in positron emission tomography, which is, for example, part of the diagnostic standard in lung cancer [4, 15] . The glucose uptake capacity of cells largely depends on the expression of glucose transporters, which transport glucose across membranes. The increased glucose requirements of malignant cells were initially described by Otto Warburg more than 50 years ago, and further research on cancer metabolism since then has lent a b Glucose transporters 1, 3, 6, and 10 are expressed in gastric cancer and glucose… 87 support to this hypothesis, as increased expression of glucose transporters has been shown for several types of cancer [1] . Several other molecules linked to glucose metabolism (e.g., hypoxia inducible factor 1a and pyruvate dehydrogenase kinase 1) contribute to cancer progression [16, 17] . Expression of pyruvate dehydrogenase kinase 1 is, for example, correlated to an inferior prognosis in several malignancies, including gastric cancer [18] [19] [20] . Additionally, hypoxia-a common feature in the tumor microenvironment-is closely linked to glucose metabolism. Hypoxia inducible factor 1a can, for example, induce the expression of Glut-1 and Glut-3 [21] . For Glut-1, the beststudied member of the glucose transporter family, increased expression has been shown in several different entities such as colorectal cancer [22] , head and neck cancer [23] , lung cancer [24] , and ovarian carcinoma, and it is often associated with an inferior prognosis [22] . For gastric cancer, Kawamura et al. described the expression of Glut-1 in 29.8 % of the samples they analyzed. Glut-1 was a negative prognostic factor in this cohort of 617 patients. Although Griffiths et al. [9, 25] could not confirm the prognostic relevance in their European cohort, Glut-1 was associated with tumor invasiveness in their analysis. In our analysis, patients with tumors expressing Glut-1 had an inferior prognosis, but the difference was not significant (Fig. 2a , p = 0.078). The widespread expression of Glut-1 in many normal tissues complicates the translation of these findings into clinical applications, as it potentially leads to severe side effects. The Glut-1 inhibitor STK-31 efficiently inhibited glucose uptake into renal cell carcinoma xenografts and markedly reduced tumor growth in two animal models of RCC. Although this agent also inhibits glucose uptake in human erythrocytes, it did not cause hemolysis.
As it did not affect normal tissues in treated animals, it may represent a therapeutic option to target glucose metabolism in human cancer [21] . Regardless of these positive results, the widespread expression of Glut-1 could be a limiting factor in its clinical application, and identifying other members of the glucose transporter family with greater specificity for tumor tissue could facilitate their translation into clinical use. Due to these limitations, we set out to identify Glut-3, Glut-6, and Glut-10 in gastric cancer, as these proteins show limited expression in normal tissues and high glucose affinity has been observed for each of them [26] . Glut-3 was expressed in 66 % of the gastric cancer samples we analyzed. Glut-3 is preferentially expressed in tissues with high energy needs. The strong expression in neurons and embryonic cells demonstrates the importance of Glut-3 for glucose homeostasis in vulnerable tissues [27] . In the context of malignant disease, it theoretically represents a stronger positive selection factor than Glut-1, as its glucose affinity is far higher [3] . Nevertheless, most studies have focused on Glut-1, and there is very limited knowledge of the role of Glut-3 in cancer. It has been detected as a negative prognostic factor in non-small cell lung cancer, head and neck cancer, and thyroid cancer [11, 12, 28, 29] . Younes et al. described the expression of Glut-3 in 2/8 of the gastric cancer samples they analyzed [13] . We were able to confirm the expression of Glut-3 in our large cohort of gastric cancer patients. In the present study, positive staining for Glut-3 was correlated with higher UICC stage and inferior prognosis ( Table 2 , Fig. 2b ). Furthermore, it was a significant prognostic factor in multivariate analysis ( Table 3 ). The hazard ratio of 1.85 was rather low but similar to previous results regarding Glut-3 expression in head and neck cancer or Glut-1 in gastric cancer or esophageal cancer [9, 30] . To the best of our knowledge, this is the first study to correlate clinical and pathological parameters with the expression of Glut-3 in gastric cancer. The other glucose transporters investigated (Glut-6 and Glut-10) were also expressed in a significant proportion of the samples analyzed (38.0 and 43.3 % for Glut-6 and Glut-10, respectively) but did not show a significant correlation to prognosis. Still, our analysis of Glut-6 and Glut-10 in gastric cancer represents the first data to show the expression of Glut-10 in human cancer and the first to show the expression of Glut-6 in gastric cancer. Expression of Glut-6 has previously been described in breast and pancreatic cancer as part of a screening analysis that included small cohorts (\10) of 14 tumor entities [31] . Whereas the authors of that study described the expression of Glut-6 in 2/2 of the normal stomach tissues they analyzed, they did not see positivity in gastric cancer (0/6). Those results contrast with our results, where normal tissue was hardly ever positive but about one-third (38.0 %) of the tumor samples analyzed expressed Glut-6. However, as Glut-6 and Glut-10 did not show any prognostic relevance and were expressed in less than half of the samples analyzed, we assume that the strong expression of Glut-3 is the most important finding of this study. Due to its higher glucose affinity and broader expression in gastric cancer, it may be of greater clinical relevance than the well-established Glut-1, which is expressed in \30 % of gastric cancer samples [9] . Furthermore, both proteins seem to have a similar relevance in FDG-PET imaging [32] .
In conclusion, our study demonstrates that glucose transporters other than Glut-1 are highly expressed in primary gastric cancer and may play a crucial role in glucose homeostasis of gastric cancer cells. Glut-3, which is negatively correlated with survival, is an especially interesting target in this cancer (for which there are very limited therapeutic options). Furthermore, the broad expression of the analyzed glucose transporter proteins has interesting implications for positron emission tomography.
